This paper reports the results of a study focused on the production of ceramic tiles from ilmenite mud (MUD), a waste generated by the industry devoted to the TiO 2 pigment production. Ceramic tiles were produced from mixtures of a commercial red stoneware mixture (RSM) with different concentrations of mud (3, 5, 7, 10, 30 and 50 wt.%). The samples were sintered to simulate a fast-firing process. The sintering behaviour of the fired samples was evaluated according to ISO methodologies by linear shrinkage, water absorption and porosity measurements. Both green powder and fired samples were characterised by means of X-ray diffraction (XRD), differential scanning calorimetry (DSC/TG), field emission scanning electron microscopy (FESEM) and bending strength measurements. Moreover, since this activity is a NORM (Naturally Occurring Radioactive Material) industry, the radionuclides activity concentrations were measured by both gamma and alpha spectrometry techniques.
Introduction
Because of the depletion of natural resources, increasing greenhouse emissions and awareness of the need for sustainable development in terms of safe reuse of wastes, the transformation of these wastes into valuable materials (i.e. valorisation) is emerging as a strong trend. In this context and taking into account the growing awareness of the need for protection of health and environment, the recovery of wastes currently generated in most industrial processes is the subject of a thorough investigation [1] , [2] and [3] . The valorisation of wastes as secondary raw materials in the manufacture of construction materials could allay the problems associated with both the depletion of natural resources and the disposal of industrial wastes [4] , [5] , [6] and [7] . In this context the protection of health and environment is of great importance, although the economic benefits accruing from waste recycling must not be ignored [8] and [9] .
This work is mainly focused on the recovery of waste generated by the titanium dioxide pigment industries. TiO 2 production begins with the mixing of ilmenite (Fe 2 TiO 3 ) with highly concentrated sulphuric acid (80-95%) [10] . The liquor generated goes to a clarification tank where the un-attacked solid -ilmenite mud (MUD) -is allowed to settle. Then this mud is separated from the liquor by a process of decantation and filtration, and finally stored in a safety area. The magnitude of this generated waste is around 30,000 tons per year, which until now have not had any use, and therefore it is disposed of in an authorised waste repository [11] .
Moreover, the content of natural radionuclides is high in relation to a typical soil (about 100 times higher), and so it is classified as a NORM (Naturally Occurring Radioactive Material) industry, which presents enhanced levels of radionuclides from the natural uranium and thorium series.
This waste has been classified by the competent authorities as "hazardous waste", according . Therefore now this is stored in a controlled landfill repository, which implies a cost of about three million euros for its final elimination (including transportation costs). Therefore, if this waste could be valorised a significant improving in the competitiveness of this industry will be produced.
In this context, a correct environmental solution to the disposal of a wide range of solid wastes could be their incorporation into ceramics [12] and [13] . The prospective benefits of using ilmenite mud as an additive in tile manufacture include immobilising some heavy metals and radionuclides in the final matrix, oxidising organic matter and destroying any pathogens during the firing process, as well as reducing frost damage, based on the results of several fullor bench-scale studies [14] , [15] and [16] . In addition, there is no costs in incorporating this waste like additive in ceramics production, depending the saving on the fraction of waste added to each tile and the costs of the transportation of the waste from into the ceramic plant.
Therefore, as average we think that no additional costs will be involved in the use of this waste for ceramic manufacturing.
Taking into account the mud's composition [16] , [17] and [18] , it is essential to study whether the presence of this residue modifies the mechanical properties of the new ceramic tile through a physico-chemical analysis (elemental, mineralogical and morphological) of the wastes and raw materials used in the generation of the tile tested. In addition, it is essential to check its environmental impact in relation to the potential problem of leaching of metals and radionuclides included in the ceramic matrix.
Taking in consideration the previously established problem, the main objective of this work was to analyse the option of producing ceramic tiles with different ilmenite mud waste proportions and compare it with a standard commercial ceramic, studying its technological properties and the environmental implications.
Materials and methods

Materials and sample preparation
The ilmenite mud was previously dried in an oven at 110 °C for at least 48 h until constant weight, and then grounded and sieved to a particle size >160 μm. As it will be discussed further, the ilmenite mud is characterised by a high content of iron oxide (Fe 2 O 3 = 10%). For that reason, its valorisation in ceramic tile has been achieved through its incorporation into a composition of red stoneware, which is made from natural clays with high iron oxide content The mixtures moistened by spraying with distilled water (6 wt.%) and then shaped by uniaxial pressing (Nannetti S hydraulic press) at 40 MPa in a steel die, to obtain tiles measuring 50 × 50 × 5 mm. These tiles were fired in an electric furnace at 1150 °C for eight minutes following the fast-firing process recommended by the red stoneware supplier (Fig. 1) . 
Characterisation techniques
The identification of the mineral phases was performed by the XRD technique (X-ray diffraction) which applied the method of dust lost in a Bruker diffractometer (model D8 Advance), using Cu Kα radiation excited by a current of 30 mA and a voltage of 40 kV. Data were recorded in the 5-70° 2θ range (step size 0.019736° and 0.5 s counting time for each step).
The measurement of major elements and trace elements was performed by ICP-MS (Inductively Coupled Plasma Mass Spectrometry), using an HP branded computer model HP4500® and by ICP-OES (Inductively Coupled Plasma Optical Emissions Spectrometer) using a Jobin Yvon ULTIMA 2. Both systems were previously calibrated with the appropriate standards.
The microstructure of tiles was examined by field emission scanning electron microscopy (FESEM) (HITACHI model S-4800) operating at 20 kV. SEM specimens were polished with 6, 3 and 1 μm diamond pastes after grinding with silicon carbide paper and water and subsequently Au-Pd coated in a Balzers SCD 050 sputter. 
Technological characterisation
The sintering behaviour of tiles was evaluated on the basis of water absorption, apparent porosity and bulk density. The water absorption was measured according to EN ISO 10545-3 [19] for ten representative specimens. The water absorption coefficient, E (dry wt.%), was calculated by the equation:
where m 2 (g) is the mass of wet specimen and m 1 (g) is the mass of dry specimen.
The apparent porosity and the bulk density were measured according to ASTM C373-88 [20] , which involves drying the test specimens to constant mass (D). The test was carried out on ten representative specimens. After impregnation, the mass (S) of each specimen while suspended in water and their saturated mass (M) was determined. The apparent porosity, P (%), expresses the relationship of the volume of open pores with the exterior volume of the specimen and is calculated as follows:
where V (cm 3 ) is the exterior volume (V = M − S) and ρ is the density of the water 1 g cm −3 .
The bulk density, B (g cm −3 ), of a specimen is the quotient of its dry mass divided by the exterior volume, including pores:
Linear shrinkage, LS (%), was calculated by the equation:
where L i (mm) is the specimen length without firing and L f (mm) is the specimen length after firing.
Bending strength, BS (MPa), was measured according to EN 843-1 [20] in an electronic universal tester (Servosis model ME-402/01) on ten test specimens for each sintered temperature by a three-point loading test with a span of 32 mm and a crosshead speed of 1 mm/min.
Radioactive characterisation of materials and mixtures obtained
The activity concentrations of radionuclides in the ilmenite mud were measured by highresolution low-background gamma spectrometry with high-purity germanium detectors (HPGe). ) for the radon emanation factor (ε). The method for measuring Ω is described in López-Coto et al. [22] , which is determined from the growth curves of radon inside a closed chamber it is possible to calculate the exhalation rate of the block and, under specific experimental conditions, the radon potential of the tested material.
Pollutant mobility tests
To assess the risks of the use of a waste, from an environmental perspective, the TCLP leaching test (Toxicity Characteristic Leaching Procedure, U.S. EPA) was carried out [23] . The pollutant concentrations in the leaching dissolutions obtained from the mobility tests were analysed by ICP-OES and ICP-MS. In addition, the concentrations of different radionuclides contained in the leaching dissolutions were analysed by both alpha and gamma spectrometry techniques.
Results and discussion
Physico-chemical characterisation
Mineralogy
In previous works [24] , the ilmenite mud has shown to be composed by several major mineral species such as ilmenite (FeTiO 3 ), rutile (TiO 2 ) and anatase ( [25] and [26] .
In Fig. 2 can be observed that, after the firing process, the peaks associated with clay minerals (kaolinite and illite) disappear because of the destruction of the crystalline structure at 450-900 °C. Finally, at 1000 °C the feldspars (anorthite) undergo melting and form liquid phases [27] . In our case the potassium oxide released by illite favoured the agglomeration of the particles [28] . The minerals detected, included ilmenite, rutile and anorthite, increased in the ilmenite mud concentration, whereas the peaks of quartz decreased in the ceramic body (Fig. 2) . Ilmenite mud has an important content of iron and titanium oxides, which are known as nucleating agents that promote the crystallisation of mineral phases like the anorthite [29] . found that most values were practically identical, with the exception of sulphur in mud samples, whose concentration decreased from 2.60% to 0.05% because of volatilisation during the firing process, fact expected since S could be released during the firing as sulphur oxide (SOx).
If for a specific element is supposed a conservative behaviour during the firing, its 
DSC/TGA
The thermal behaviour of the main materials was studied trough the DSC/TG curves (Fig. 4) .
The losses on ignition (1150 °C) are 9.60 wt.% and 8.25 wt.%, for ilmenite mud and RSM respectively. The red stoneware composition shows six areas of weight change. The first one at ∼100 °C corresponds to the endothermic evaporation of unbound water. The second area (between 200 and 500 °C), is associated with the thermal decomposition of non-volatile organic compounds, the exothermic combustion of non-volatile organic matter and the endothermic volatilisation of lighter organic fragments. The third area at ∼600 °C is related to the thermal destabilisation of hydrated minerals and the release of crystallisation water. The fourth area ∼800 °C is associated with the decomposition of alkaline compounds. The fifth area ∼900 °C is associated with the decomposition of alkaline-earth carbonates and the release of carbon dioxide. Finally, an endothermic descent at higher temperatures indicates the formation of a liquid phase mainly derived from the feldspar component and silica release [30] . The thermal behaviour of ilmenite mud shows five primary effects (Fig. 4) . The first one is 
amorphous silica released during decomposition; the impurities contained in the raw materials could also contribute to a liquid phase formation [31] .
According the thermal behaviour of the mixtures given by the TG curves (Fig. 5) , the losses on ignition (1150 °C) are between 9.75 wt.% and 7.30 wt.% (see Table 2 ). The samples have almost no loss on ignition. The thermal behaviour of each mixtures given by the DSC curves (Fig. 6) , are quite similar to the red stoneware, especially those that exhibit the greatest proportion of RSM ( Fig. 6a-c) . In samples that contain at least 10% in tionite, this similar thermal behaviour changes and appears new areas associated with the thermal behaviour of ilmenite mud. Fig. 6d -f shows these new areas where both thermal behaviours converge. The first area at ∼100 °C corresponds to the endothermic evaporation of unbound water in RSM, but also appear in these cases the area related to the endothermic loss of the chemically bound water of iron sulphate (II) and the decomposition of FeSO 4 ⋅xH 2 O at ∼110 °C in ilmenite mud.
Moreover, this same fact happens with the other different areas at ∼500-900 °C in which the thermal behaviour of both materials appears but less clear than in the previous case. 
Field emission scanning electron microscopy (FESEM)
In order to analyse how the undissolved mud was incorporated in the final product, a detailed study by FESEM (Fig. 7) on polished surfaces of fired samples was made. In all cases, after firing the ceramic bodies show good sintering behaviour and a homogeneous grain and bond microstructure with coarse quartz particles held together by a finer matrix. Internal defects such as cracks or other similar faults were not observed.
The RSM sample (100/0) shows a porous microstructure formed by closed and open pores. and 50/50 in which the volume of irregular intercommunicated channels has increased significantly (see Fig. 8 ). 
Technological properties of fired tiles
The results shown in Table 3 The apparent porosity generally increases with the concentration of ilmenite mud. This physical property is very important, because it is related to the water absorption of the fired products [32] . Therefore the water absorption also follows this trend as the properties are directly related. Water absorption is related mostly to open porosity. Thus, the increase in the volume fraction of irregular intercommunicated channels in 70/30 and 50/50 fired samples produces an increase in the water absorption ( Fig. 7 and Fig. 8 ). In addition, the presence of a few rounded and isolated pores indicates the consistent development of the liquid phase during sintering [33] . Moreover the water absorption decreases with the addition of 3% and 5% of [34] ceramic tiles with water absorption coefficient (E) in the interval 0.5% < E ⩽ 3% belong to the BI b group, tiles with 3% < E ⩽ 6% belong to the BII a group and those with 6% < E ⩽ 10% belong to the BII b group. The low values of water absorption and apparent porosity makes these tiles more resistant to freeze-thaw cycles and stain resistant; and in addition they require less drying time.
The bulk density increases with the concentration of ilmenite mud up to 10% because the density of undissolved mud is 3.7 g cm −3 . When it is higher than 30% of mud it decreases radically because of the increase in the porosity.
The bending strength increases as the ilmenite mud percentage increases from 100/0 to 90/10 compositions due to the beneficial effect of ilmenite addition on sintering during firing as denoted by the decrease in porosity. The addition of mud up to 10% lowers the rupture tension because of the porosity increases (Table 3) 
Environmental study
Radiological and radioactive characterisation
The original mud had a total radionuclide concentration (2.0-3.0 Bq g −1
) that surpassed the 1 Bq g −1 EU safety threshold for Naturally Occurring Radioactive Material (NORM)
wastes [35] . The radionuclides with the highest activity concentrations are for 226 Ra and 228 Ra, being them around 500 and 1200 Bq kg −1 , respectively [11] . These concentrations are significantly higher than the average worldwide values for soils (25 Bq kg −1 of 238 U and 232 Th in secular equilibrium with their daughters) [36] and [37] . In the mixtures, the activity This index should not exceed the value of unity (I ⩽ 1) for materials used in bulk amounts, e.g. concrete, or I ⩽ 6 for superficial materials and those with restricted use, e.g. tiles, boards, etc., to ensure that the additional external dose received by occupants living in buildings constructed with these materials does not exceed the reference value of 1 mSv year −1 [39] . Table 4 shows that index I is significantly lower than six for all analysed materials. This renders undissolved mud a suitable material for use in the ceramic industry in comparison with other additives [40] and [41] .
Radon potential and exhalation rate of matrix and blocks
The radon emanation factor is the fraction of the gives the radon potential parameter. The radon potential is a characteristic of the material that is not influenced by the experimental conditions during its determination, and therefore is a suitable parameter for classifying/comparing porous materials in relation to its radon radiological risk [42] and [43] . According to the study made, and once the samples were analysed it is possible to affirm that the Rn potential (Ω) of the samples are below the limit of detection of the system (<5 Bq kg −1 ), being the typical value of the radon potential in a typical material engineered as cement of about 10 Bq kg −1 [35] . Therefore, we can say that the concentration of Rn in air produced by samples in a standard room (5 m × 5 m × 2 m) in the worst conditions is , somewhat below the limit of 100 Bq m 3 for new constructions according to the recommendation of the Committee on the Environment of the EEC of 21 February 1990 [44] and [45] .
Leaching test
A TCLP leaching test was applied to evaluate the potential environmental impact generated by hazardous metals contained in the ceramics tiles. Table 5 shows that increasing the proportion of mud in the mixture decreases the leached metals formed in many cases. Attending to these data is concluded that the firing process makes metal less leachable. On the other hand, the S increases slightly as the proportion of ilmenite mud increases, because of the sulphate breakdown during the firing process. As explained in TGA results, at a certain temperature the iron sulphate is decomposed, decreasing significantly the concentration of sulphur due to the emission of SO 2 gas.
The leached metals values are clearly lower than the limits imposed by US EPA [46] ; these data indicate that the metal concentrations are below the ecotoxicity limits, and will not have a significant impact when this material is released into the environment.
On the other hand, the liquids fractions obtained in the TCLP test were also analysed the radionuclides contents, in order to gain information in relation with the mobility of them. The concentrations of radionuclides are fairly low (Table 6 ). Transfer factors demonstrate that almost radionuclides leached out after the firing process. The concentration in the leaching liquid decreases with the proportion of mud, with the exception of 210
Po. The concentrations of U-isotopes are of the same order of magnitude as typical ones in continental waters, and for Thisotopes they are one to two orders of magnitude higher, but we can ensure that their potential radiological impact is negligible [47] . In relation to the behaviour of the different radioelements (U, Th, and Po), it was observed that mobility for U and Th is very similar, whereas for Po it is one order of magnitude lower, which can be justified by the high tendency of Po to be bound onto the particulate material [48] . 
Conclusions
The present work has demonstrated that ilmenite mud from the TiO 2 industry can be successfully used in the manufacture of red stoneware ceramic bodies. XRD analysis showed that, in relation to the standard tile, no significant effects on the crystalline phases were observed with the addition of undissolved mud. SEM microstructural analysis showed that composition with less than 10% of waste has a finer fracture surface with fewer defects compared with the reference sample (100/0).
The technological properties of the new tiles obtained by adding the mud waste are comparable, or even better, than the commercial sample taken as reference. We have demonstrated that the addition of this mud as additive (3-5%) has a beneficial role as an agent of the sintering processes, decreasing both apparent porosity and water absorption. This facilitates the drying stage thanks to the decrease in water absorption and improve the resistance to cycles of freeze-thaw and to stains. In relation to the water absorption and bending strength, the different tiles can be classified into the following groups: samples formed by the addition of 3-5% of undissolved mud belong to the BI a group with a water absorption of 0.5% < E ⩽ 3%
and a minimum value required of bending strength of 30 MPa; tiles produced by the addition of 7-10% of ilmenite mud belong to the BII a group, which includes tiles with a water absorption of 3% < E ⩽ 6% and a minimum bending strength of 22 MPa. Higher ilmenite mud additions (30-50%) lead to ceramic tiles that can be classified into the BII b group, which includes tiles with a water absorption of 6% < E ⩽ 10% and a minimum bending strength of 18 MPa. In all cases, the tiles produced from ilmenite mud clearly exceed bending strength values required in the corresponding groups.
The leaching tests showed that the mobility of metals and radionuclides in the different mixtures is similar to that of the reference tile. The use of undissolved mud waste in red stoneware ceramic bodies can offer a technological solution to the problems caused by its disposal in controlled landfills.
Our research group has studied other uses of the ilmenite mud as, for example, in the manufacturing of materials for fire isolation in building with better isolation properties, or as additive in cements and concretes. We think that effectively the use of ilmenite mud like additive in ceramic manufacturing could be the best potential application of this waste since its technological properties are significantly improved, and therefore this commercial application could consume all the ilmenite mud production due to the high amount of ceramic produced in worldwide.
